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Introduction

Hepatocellular carcinoma (HCC) is among the most lethal 
and prevalent cancers in the world. Despite aggressive conven-
tional therapy, including surgical resection, transcatheter arte-
rial chemoembolization (TACE), percutaneous radiofrequency 
ablation or injection of ethanol, and liver transplantation, the 
5-year survival rate of individuals with liver cancer is only 
8.9%.1 Conventional strategies has yielded poor response rate 
in patients with advanced stage HCC for its invasiveness and 
high resistance to chemotherapy.1-3 The multikinase inhibitor 
(sorafenib) is the first systemic treatment to show survival bene-
fits in patients with advanced HCC in large phase III studies and 
becomes a new standard treatment for HCC.4,5 However, the 
median survival was only 7.4 months (95% CI: 5.6, 9.2 mo) for 
those with advanced HCC treated with sorafenib.6 Therefore, 
novel and effective therapeutic strategies are required to reduce 
drug dosage, enhance the therapy efficacy and to diminish toxic-
ity to normal cells.

Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) (also known as APO-2L) is a type II transmembrane 
protein that belongs to the TNF superfamily.7 TRAIL might be 
a promising candidate for cancer therapy, and the therapeutic 
efficacy of TRAIL has been reported in several xenograft models 
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of glioma,8,9 prostate10 and colorectal11 tumors in vivo. However, 
according to previous study, many HCC cells showed high resis-
tance to TRAIL and TRAIL alone was unable to induce effi-
cient apoptosis even at the highest concentration of 1,000 ng/ml, 
which severely limits the application of TRAIL in the treatment 
of HCC.12,13 The resistance of many types of cancer cells to 
TRAIL can be reversed by treatment with sorafenib,14,15 chemo-
therapeutic agents12,16-20 and ionizing radiation,21,22 which suggest 
that this combination may be an effective strategy for anticancer 
therapy.

Another outstanding question of TRAIL in the therapy of 
tumor is the short half-life. Kelley SK studied the half-life of 
TRAIL in nude mice, rats, cynomolgus monkeys and chim-
panzees. The half-life of TRAIL in vivo is the time taken for 
its concentration in plasma to decline to half its original level. 
The results showed that TRAIL was rapidly eliminated from the 
serum of these animals and the half-lives were only 3–5 min in 
rodents and 24–31 min in non-human primates.23,24 Therefore 
TRAIL cannot maintain effective concentration in blood after 
injection. Fortunately gene transfer approaches have been devel-
oped as an alternative method for targeted, more efficient and 
continuous delivery of cytokines. Thus TRAIL gene therapy 
might be a promising experimental and potential therapeutic tool 
to overcome this shortcoming.
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Results

Cisplatin reversed TRAIL resistance through upregulation 
of DR5 in MHCC97-H cells, but not affected TRAIL-MSCs 
within a therapeutic window in vitro. We examined the effect of 
TRAIL combined cisplatin on the viability of MHCC97-H cells 
in vitro by CCK-8. TRAIL (200 ng/ml) or cisplatin (5 μg/ml) 
alone failed to affect the viability of MHCC97-H cells signifi-
cantly. Whereas in the presence of low concentrations of cisplatin 
(2.5 or 5.0 μg/ml), TRAIL dose-dependently reduced the cell 
viability (Fig. 1A). The viability of TRAIL-MSCs at different 
concentrations of cisplatin (5–80 μg/ml) was also evaluated. Up 
to 10 μg/ml of cisplatin didn’t affect the viability of TRAIL-
MSCs significantly and IC

50
 was 36.6 μg/ml (24 h), which sug-

gested a wide therapeutic window for TRAIL-MSCs (Fig. 1B).
TRAIL receptors on the cell surface were investigated by 

FACS. MHCC97-H cells express low levels of TRAIL R1–R4. 
After 24 h of treatment with 5.0 μg/ml cisplatin, PE mean fluo-
rescence intensity of TRAIL R2 (DR5) was increased greatly from 
1.66–2.66 (p < 0.05), but no significant differences of the other 
three TRAIL receptors was observed. On the other hand, only 

Mesenchymal stem cells (MSCs) exhibit the ability of hom-
ing to sites of tissue damage as well as the tumor microenviron-
ment, so MSCs are considered to be a promising platform for 
cell and gene therapy for tumor.25 In recent years, many studies 
reported that gene modified MSCs specifically targeted mul-
tiple tumor types followed by local secretion of therapeutic fac-
tors, including IL-12,26,27 pigment epithelium derived factor28 
and TRAIL.29-31 MSCs expressing TRAIL exhibited short- and 
long-term therapeutic effects without significant complica-
tions in glioma.32-35 But there was no report about TRAIL gene 
modified MSCs (TRAIL-MSCs) in the therapy of HCC. As 
mentioned above, HCC cells showed high resistance to TRAIL, 
so TRAIL-MSCs alone might be difficult to achieve desired 
effect.

In this study, for the first time, we have combined chemother-
apeutic agents (cisplatin) and TRAIL-MSCs to improve HCC 
treatment in vivo. The former was used to reverse the TRAIL 
resistance of tumor cells and the latter were engineered using the 
TRAIL gene to overcome the short half-life of TRAIL. In addi-
tion, noninvasive in vivo bioluminescence imaging (BLI) was uti-
lized to determine the conditions of tumor.

Figure 1. Enhanced suppression effects of MHCC97-H cells proliferation by combination of TRAIL with cisplatin in vitro. MHCC97-H cells were treated 
with different concentrations of TRAIL and cisplatin for 24 h (A). The viability of TRAIL-MSCs wasn’t affected significantly in a wide therapeutic window 
(B). After 24 h of treatment with 5.0 μg/ml cisplatin, only the expression of DR5 in MHCC97-H cells was increased greatly (C). Cell viability was deter-
mined by CCK-8 assay. Each point represents the mean ± SD of three independent experiments. Asterisk indicates p < 0.05.
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very mild expression of TRAIL receptors 
was detected in TRAIL-MSCs, and there 
was no change of these receptors between 
treatment and control groups (Fig. 1C).

Establishment of TRAIL gene 
modified MSCs. The Lentiviral Vectors 
(pLenti6.3-TNFSF10-IRES-hrGFP) 
were titered using 293FT cells, and 
an MOI of 10 was used for infection. 
DNA sequencing analysis confirmed 
that TRAIL gene sequence was identical 
to the report in Genebank and did not 
reveal any mutation. The transduction 
was measured and purified using FACS 
and a fluorescence microscope, which 
resulted in > 99% efficiency (Fig.  2). 
Transduction with lentivirus did not 
alter the morphology of MSCs, compared 
with untransduced cells. Like MSCs, 
TRAIL-MSCs were still able to differen-
tiate into osteogenic and adipogenic cell 
lineages (Fig. 3). To determine whether 
TRAIL could be secreted efficiently in 
TRAIL-MSCs, TRAIL concentrations 
in culture supernatants were detected by 
ELISA. The concentrations of TRAIL 
were 530, 1,929 and 2,781 pg/ml at 24, 
48 and 72 h respectively (Fig. 4). In blank 
control group, TRAIL wasn’t detected 
in supernatants of MSCs without gene 
modification.

Establishment of luciferase-RFP 
gene modified MHCC97-H cells. 
MHCC97-H cells were transduced with 
pLenti6.3-Firefly luciferase-IRES-RFP 
(mkate2) with a MOI of 30 and 8 μg/ml 
polybrene. After purification with FACS, 
the transduction efficiency was > 85% on FACS 
(Fig. 5).

Effect of cisplatin combined TRAIL-MSCs 
on growth of MHCC97-H xenograft. To con-
firm whether the synergistic effect of cisplatin 
and TRAIL-MSCs has potentially possible 
clinical implications, the effect of cisplatin and 
TRAIL-MSCs on the growth of MHCC97-H 
xenograft tumors was assessed. At baseline, the 
tumor volume was 60.79 ± 17.73 mm3, 63.93 ± 
9.32 mm3, 70.82 ± 12.06 mm3 and 71.61 ± 
14.33 mm3 in control group, cisplatin group, 
TRAIL-MSCs group and cotreatment group 
respectively (p > 0.05). Tumor growth was obvi-
ously inhibited by cotreatment with cisplatin 
and TRAIL-MSCs for 21 d and tumor volume 
in cotreatment group (378.4 ± 44.5 mm3) was 
only 30% of that in control group (1222.2  ± 
245 mm3) at the end of the study (p < 0.05). 

Figure 2. Purified TRAIL-MSCs were analyzed by fluorescence microscopy and FACS. GFP expres-
sion was confirmed in TRAIL-MSCs (A, 200×). The transduction efficiency of MSCs was monitored 
by FACS and 99.11% of cells were GFP positive (B, untransduced MSCs as control; C, TRAIL-MSCs).

Figure 3. Differentiation potential of the TRAIL-MSCs. Without osteogenic induction, MSCs 
weren’t stained by alizarin red (A, as negative control). Whereas following osteogenic induc-
tion for 2 weeks, matrix mineralization was revealed by alizarin red staining in untransduced 
MSCs (B, as positive control) and TRAIL-MSCs (C, 200×). Similarly, lipid droplets weren’t 
detected in MSCs without adipogenic induction (D, as negative control). After 2 weeks of 
adipogenic induction, lipid droplets were stained by oil red O in untransduced MSCs (E, as 
positive control) and TRAIL-MSCs (F, 400×).
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microenvironment is considered a site of chronic inflamma-
tion.36 The level of MSCs recruitment was related to the degree 
of inflammation in a tumor microenvironment.37 So the migra-
tion of MSCs into the tumor stroma is thought to be mediated 
by high local concentrations of inflammatory chemokines and 
growth factors38 and seems not to be related to tumor size.39 In 
addition, Secchiero et al. reported that TRAIL played a role to 
promote the migration of human MSCs significantly and indi-
cated that the TRAIL/TRAIL-R axis seemed to control the 
mobilization of BM-derived MSCs into the circulation.40 Our 
results demonstrated TRAIL-MSCs could migrate to the tumor 
site and GFP positive MSCs were still detected on frozen sections 
even 21  d after intravenous administration, and we presumed 
TRAIL/TRAIL-R axis might enhance this migration.

MSCs have been efficiently transduced with exogenous 
therapeutic genes using adenoviral,33 lentiviral,28 retroviral41 
and nonviral42 vectors. In this study, we used lentiviral vectors 
(pLenti6.3) as the gene delivery. Though the efficiency was not 
very high (about 20~30%) with MOI of 10, after FACS purifica-
tion, the GFP positive rate was > 99% efficiency. TRAIL gene 
modification did not affect the morphology and differentiation 
of MSCs. Moreover, TRAIL-MSCs demonstrated high resis-
tance to cisplatin, which suggested a wide therapeutic window. 
Our data provided favorable evidence supporting the feasibil-
ity of the combination of MSCs modified by TRAIL gene and 
conventional chemotherapy in the treatment of TRAIL-resistant 
human cancer.

For some cytokines, such as interleukin (IL), hepatocyte 
growth factor (HGF) and TRAIL, the half-life is only several 
minutes. After intravenous injection, these cytokines cannot 
maintain effective concentrations in blood. Previous studies have 
shown that even increased systemic concentrations of cytokines 
or secretion at sites distant from the tumor were still not effec-
tive in the treatment of tumor.26,34,37 In our study, we detected 
the TRAIL concentration of tumor homogenate to determine 
the secretion of TRAIL-MSCs. The level of TRAIL in TRAIL-
MSCs and cotreatment groups were more than 4-fold than those 
in control and cisplatin groups, which contributed to suppress 
the tumor growth. However, the TRAIL concentration in blood 
serum wasn’t increased obviously in TRAIL-MSCs and cotreat-
ment groups. These data confirmed that high local secretion 
of TRAIL within the tumor was essential in the treatment of 
tumor.

As a new standard treatment for HCC, sorafenib inhibits sev-
eral Tyrosine protein kinases, Raf kinases and serine/threonine 
kinases. Several previous studies have shown sorafenib overcomes 
TRAIL resistance and inhibition of Mcl-1 and STAT3 represents 
the major mechanism in HCC.14,15,43 Therefore sorafenib not 
only inhibits tumor angiogenesis and induces tumor cell apop-
tosis, but sensitizes HCC cells to TRAIL. We hypothesize that 
combined use of sorafenib and TRAIL-MSCs may produce a 
favorable response in patients with advanced HCC and is worthy 
of further study.

In summary, we explored the therapeutic poten-
tial of combination chemotherapy and TRAIL-MSCs. 
MSCs can be genetically modified using lentiviral vectors 

Treatment with cisplatin or TRAIL-MSCs alone had no signifi-
cant effect on MHCC97-H tumor growth (Fig. 6A). Similarly, 
BLI demonstrated that the relative intensity (photons/sec) in 
cotreatment group was much less than that in control group at 
the end of the study (Fig. 6B and C).

In vivo migration of TRAIL-MSCs. We evaluated the migra-
tory nature of TRAIL-MSCs toward the tumor sites in vivo by 
detecting the GFP-positive cells on frozen sections. Three weeks 
after systemic delivery, green fluorescent TRAIL-MSCs were 
detected within the tumor bed in TRAIL-MSCs group and 
combined group. While in control and cisplatin groups, no GFP-
positive cells were found in tumor microenvironment (Fig. 7).

Cisplatin combined TRAIL-MSCs therapy inhibited tumor 
angiogenesis in vivo. In addition to restricting the volume and 
relative intensity (photons/sec) of tumors, cotreatment with cis-
platin and TRAIL-MSCs also inhibited tumor angiogenesis. 
This was performed with immunohistochemical staining of par-
affin slides using an antibody against CD34, which is expressed 
on microvessel endothelial cells. Cotreatment with cisplatin com-
bined TRAIL-MSCs reduced the CD34 count to 32.9 ± 4.5% of 
controls (Fig. 8).

TRAIL expression in serum and tumor. TRAIL con-
centrations in serum and tumor homogenate were examined 
using ELISA. Results demonstrated no significant difference 
of TRAIL in serum within groups at different time points. 
However, the TRAIL concentrations of the tumor homogenate 
in TRAIL-MSCs group and cotreatment group were 3,743.7 
± 1,011.8 pg/ml and 3,224.7 ± 857.3 pg/ml, more than 4-fold 
vs. that in control group (7,47.4 ± 122.1 pg/ml). There was no 
significant difference of TRAIL between control and cispla-
tin groups, as well as between TRAIL-MSCs and cotreatment 
groups (Fig. 9).

Discussion

With the ability to migrate to tumor microenvironment and 
to evade host immune response, MSCs represent an attractive 
option as a delivery vehicle for cell and gene therapy. The tumor 

Figure 4. High-level expression of TRAIL produced by TRAIL-MSCs in 
vitro. The concentrations of TRAIL increased gradually with culture 
time. Each point represents the mean ± SD of three independent 
experiments.
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MHCC97-H cells were infected with fresh lentiviral supernatant 
with a MOI of 30 and 8 μg/ml polybrene mentioned above. The 
number of RFP-positive cells was determined and purified by FACS.

(pLenti6.3-TNFSF10-IRES-hrGFP) and express TRAIL 
efficiently. In addition to restrict the volume and relative 
intensity (photons/sec) of tumors, cotreatment with cis-
platin and TRAIL-MSCs also inhibited tumor angio-
genesis and restricted the blood supply. Based on this 
therapeutic strategy, the chemotherapeutic drugs and 
genes carried by MSCs might be replaced rationally 
according to the biological characteristics of different 
tumors.

Materials and Methods

Cell culture. An immortalized human bone marrow-
derived MSCs lines UE7T-13 cells (JCRB 1154, JCRB 
Cell Bank),44-47 the life span of which was prolonged 
by infecting retrovirus encoding human papilloma-
virus E7 and human telomerase reverse transcriptase 
(hTERT) was used in the present study. HCC cells line 
MHCC97-H (kindly provided by Prof. Zhao-You Tang, 
Liver Cancer Institute, Fudan University)48 and MSCs 
were grown in Dulbecco’s modified Eagle’s medium 
with 10% fetal bovine serum and penicillin (100 U/ml)/
streptomycin (100 μg/ml) and were maintained at 37°C 
in a humidified atmosphere with 5% CO

2
.

Reagents. For fluorescence-activated cell sort-
ing (FACS) analysis, Mouse IgG1 Isotype Control-PE 
(IC002P), IgG2B Isotype Control-PE (IC0041P), 
TRAIL R1 (DR4)-PE (FAB347P), TRAIL R2 (DR5)-PE 
(FAB6311P), TRAIL R3 (DcR1)-PE (FAB6302P) and 
TRAIL R4 (DcR2)-PE (FAB633P) were purchased 
from R&D Systems. Soluble recombinant human 
TRAIL was purchased from PeproTech. Cisplatin was 
obtained from Sigma. Human TRAIL enzyme-linked 
immunosorbent assay (ELISA) Kit (BMS2004) was pur-
chased from Bender MedSystems. Cell Counting Kit-8 
(CCK-8) was obtained from Dojindo Laboratories. All 
other chemicals were commercial products of the highest 
purity available.

Construction of lentiviral vectors and cell transduc-
tion. TRAIL gene cDNA (TNFSF10) was amplicated 
by polymerase chain reaction (PCR) and cloned into the 
pLenti6.3 vector. The reconstructed Lentiviral Vectors 
(pLenti6.3-TNFSF10-IRES-hrGFP) was prepared, 
purified and their functional titers were determined as 
described previously.35,49 For lentiviral transduction of 
MSCs, MSCs (1.5 × 106 cells) were plated on a T-25 cul-
ture flask and allowed to attach overnight. The medium 
was replaced with 5 ml fresh lentiviral supernatant with 
a multiplicity of infection (MOI) of 10 and 8 μg/ml 
polybrene (Sigma) to assist the uptake of viral particles. 
MSCs transduced by pLenti6.3-TNFSF10-IRES-hrGFP 
were collected 72 h later. The number of GFP-positive 
cells was determined and purified by fluorescence-
activated cell sorting analysis (FACS).

The report gene vector pLenti6.3-Firefly luciferase-IRES-
RFP (mkate2) were constructed and stored in our laboratory. 

Figure 5. Live cell imaging of MHCC97-H transduced by pLenti6.3-Firefly lucif-
erase-IRES-RFP (mkate2). RFP expression was detected in transduced MHCC97-
H cells on fluorescence microscopy (A, 400 ×). The transduction efficiency of 
MHCC97-H cells was monitored by FACS and 86.1% of cells were RFP positive 
(B, untransduced cells as control; C, transduced MHCC97-H cells).
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Systems). In brief, Cells were centrifuged and washed three 
times in an isotonic PBS buffer (supplemented with 0.5% BSA), 
and were incubated with IgG1 Isotype, IgG2B Isotype and 
TRAIL R1-R4 antibodies (10 μL/100,000 cells) respectively for 
40 min at 4°C. Excess unbound antibodies were removed by 
washing twice with PBS before submission for FACS. The levels 
of receptor expression were quantified by the PE mean fluores-
cence intensity index (ratio of PE mean fluorescence intensity 
of cells incubated with anti-receptor antibodies and the back-
ground PE mean fluorescence intensity in cells incubated with 
IgG isotype control) and the percentages of cells gated positive 
for receptor expression.

Differentiation potential of TRAIL-MSCs. To evaluate the 
effect of TRAIL gene on the multilineage potential of MSCs, 
TRAIL-MSCs were induced to differentiate into osteogenic 
and adipogenic lineages. TRAIL-MSCs (6 × 103 cells per well) 
were seeded in a 24-well plate pretreated with collagen type I. 
After an overnight incubation, the differentiation potential of 
TRAIL-MSCs was assayed as follows.

For osteogenic differentiation, TRAIL-MSCs were cultured 
in DMEM medium supplemented with 0.1 μM dexamethasone, 

Cell viability assay. Cell viability assay was performed as 
Miyoshi N. described.50 In brief, MHCC97-H cells (20,000 cells 
per well) and TRAIL-MSCs (5,000 cells per well) were seeded 
in a 96-well plate. After an overnight incubation, MHCC97-H 
cells were treated with 100 μl medium containing cisplatin (0, 
2.5 and 5.0 μg/ml) and TRAIL (0, 50, 100, 200 ng/ml) for 24 h, 
and TRAIL-MSCs were treated with 100 μl medium contain-
ing cisplatin (0, 5, 10, 20, 40, 80 μg/ml) for 24 h. Then, 10 μl 
CCK-8 solution was added to each well. After incubation at 37°C 
for 2 h in a humidified CO

2
 incubator, absorbance of each well 

was monitored with a microplate reader (ELX-800, Bio-Tek) 
using 450 nm as the primary wavelength (630 nm as the refer-
ence wavelength). The concentrations required to inhibit growth 
by 50% (IC

50
) were calculated from survival curves using the 

Bliss method.51

FACS analysis of TRAIL receptors. MHCC97-H cells 
and MSCs (controls or treated with cisplatin at 5.0 μg/ml for 
24 h) were detached non-enzymatically with citric saline buf-
fer (0.135  M potassium chloride, 0.015 M sodium citrate) 
for 5–8 min at 37°C. FACS analysis of TRAIL receptors was 
performed according to the manufacturer’s protocol (R&D 

Figure 6. In vivo therapeutic efficacy of cisplatin combined TRAIL-MSCs on MHCC97-H tumors. The tumor volume at baseline in four groups (n = 6) 
wasn’t statistical significant different. After 21 d observation, cotreatment with cisplatin and TRAIL-MSCs obviously suppressed the growth of tumors, 
while cisplatin or TRAIL-MSCs alone didn’t inhabit the growth significantly (A). The relative intensity (photons/sec) of tumors was examined by BLI. 
Exposure time was 0.05 s. The relative intensity of tumors in cotreatment group was lower than that in other groups (B). Representative examples were 
shown (C). Asterisk indicates p < 0.05, co-treatment group vs. control and monoagent groups (n = 6).
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cells (1 × 107 cells in 0.2 ml PBS) was injected subcutaneously 
into the neck of the female mice. Ten days later, when a small 
vascularized tumor (5–6 mm diameter) had developed, 24 mice 
were randomized into four groups. The four experimental groups 
were as follows: untreated control group, cisplatin treatment 
group, TRAIL-MSCs treatment group, and cisplatin combined 
TRAIL-MSCs group. Cisplatin (1.5 mg/kg) was given intraperi-
toneally in 100 μl PBS every 3 d. The dosage of cisplatin is based 
on dosages commonly used in murine models of HCC.53,54 In 
TRAIL-MSCs treatment group, TRAIL-MSCs (1 × 106 cells in 
0.2 ml PBS) were injected into the tail vein. The mice treated 
with both cisplatin and TRAIL-MSCs were administered by 
using the same schedule for the single treatment. All control mice 
received an equal volume of PBS. After three weeks of treatment, 
the mice were sacrificed. Tumor diameter was measured with a 
caliber ruler every week. Tumor volume (mm3) was estimated by 
measuring the longest (a) and shortest (b) diameter of the tumor 
and calculating volume as: volume = a × b2 × π/6.

Bioluminescence imaging. At the end of treatment period, BLI 
of the live mice was performed using Xenogen IVIS-Spectrum 
system (Caliper; Xenogen) according to the procedure described 
by Love et al.55 Briefly, at 10 min before each scan, each mouse 
was given an intraperitoneal injection of 4.5 mg D-luciferin in 
150 μl of sterile PBS. And then the mice were anesthetized with 

0.2 mM vitamin C and 10 mM β-glycerophosphate for 2 weeks 
with medium changes every 3 d. At the end of this period, aliza-
rin red staining was used to visualize matrix mineralization. For 
staining, cell layers were first fixed by 70% methanol for 60 min 
and then subjected to alizarin red solution for 30 min.

For adipogenic differentiation, TRAIL-MSCs were cul-
tured in an adipogenic culture medium that included 1 μM 
dexamethasone, 100 μM indomethacin, 0.5 mM 3-isobutyl-
1-methylxanthine and 10 μg/ml insulin for 2 weeks with 
medium changes every 3 d. Cells were then rinsed twice with 
PBS, fixed with 4% formalin for 40 min, washed with distilled 
water and covered with a 0.3% oil red O solution in 60% iso-
propanol for 50 min.

ELISA for expression of human TRAIL in vitro. To detect 
the expression of TRAIL, TRAIL-MSCs (6 × 103 cells per well) 
were seeded in a 24-well plate within 1 ml culture. The culture 
supernatant was collected at 0, 24, 48 and 72 h. The TRAIL 
concentrations were detected by ELISA according to the manu-
facturer’s protocol (Bender MedSystems).

HCC model in Balb/c nude mice. Animal experimental 
procedures were performed in the Experimental Animal Center 
of Sun Yat-sen University in accordance with the institutional 
guidelines. A HCC model was established according to the meth-
ods described by Yu et al.52 In brief, a suspension of MHCC97-H 

Figure 7. Migration of MSCs in HCC-bearing mice. After 3 weeks of treatment, the mice were sacrificed and the tumors were resected. Then 10-μm 
frozen sections were cut from representative tumors. Fluorescence microscopy revealed the red tumors cells (MHCC97-H labeled by RFP) on frozen 
sections. Only in TRAIL-MSCs group and combined group, the GFP positive TRAIL-MSCs (green fluorescent, arrow) were detected (100×).
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isoflurane administrated by use of an EZ-Anesthesia sys-
tem (Euthanex) and were restrained in a horizontal position 
after induction. After acquiring the photographic images of 
each mouse, the optical images were displayed and analyzed 
as described previously.56 Regions were manually drawn 
around the bodies of the mice to assess relative signal inten-
sity emitted. Optical signal was expressed as photon inten-
sity, in units of photons/second (p/s) within the region of 
interest (ROI).

In vivo migration assay. TRAIL-MSCs homing to 
the tumor sites in vivo were determined by detecting the 
GFP-positive cells. The mice were sacrificed within 6 h 
after BLI. The tumors were resected and frozen immedi-
ately in liquid nitrogen before 10 μm frozen sections were 
obtained. Migration of GFP-positive cells (green fluores-
cence) was assessed by direct visualization using a fluo-
rescence and phase-contrast microscope (Nikon ECLIPSE 
80i).

Immunohistochemistry on tumors. The degree of 
angiogenesis was determined by calculating the intratu-
moral microvessel density (MVD). Immunohistochemical 
staining of paraffin slides was performed as described 
previously.57,58 The following antibodies were used at 
37°C in humidity chamber: rat anti-mouse CD34 mono-
clonal antibody (ab8158, Abcam) at a dilution of 1:50 
for 1 h as a primary antibody, subsequently with HRP-
conjugated anti-rat IgG (PV-6004) for 30 min as a sec-
ondary antibody. Immunocomplexes were visualized with 
diaminobenzidine/hydrogen peroxidase. The slides were 
counterstained with hematoxylin. The stained slides were 
examined at low-power magnification (40× and 100× total 
magnification) to identify the areas with the most intense 
neovascularization (hot-spots) of the tumor. In each sec-
tion, five hotspots were selected. Microvessel counts of 
these hot-spots were performed using a high-power field 
(200×). In all samples, the averages of the number of 
microvessels in each tumor were calculated from the five 
vascular hotspots, which were referred to as the density 
counts.

Expression of human TRAIL in vivo. After administra-
tion of treatment, blood was collected from the mice on days 
7, 14 and 21 and serum was stored at -70°C until use. The fro-
zen tumors (0.1 g) were homogenized in 0.9 ml cold PBS using 
a glass-glass homogenizer on ice. The homogenate was further 
homogenized with an ultrasonic homogenizer for 1 min on ice 
and then centrifuged at 10,000 g for 15 min at 4°C.59 The super-
natant was collected and stored at -70°C for subsequent analy-
sis. TRAIL in serum and in tumor homogenate was determined 
using a commercial TRAIL ELISA kit.

Statistical analysis. All data were expressed as mean ± SD and 
analyzed by 2-tailed Student’s t-tests using SPSS 13.0 software 
(SPSS, Inc.). A result with a p value of < 0.05 was considered 
statistically significant.
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Figure 9. At the end of the study, TRAIL concentrations of the tumor 
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groups, as well as the other two groups (p > 0.05).
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